Abstract | Colocalization of small-molecule and neuropeptide transmitters is common throughout the nervous system of all animals. The resulting co-transmission, which provides conjoint ionotropic ('classical') and metabotropic ('modulatory') actions, includes neuropeptidespecific aspects that are qualitatively different from those that result from metabotropic actions of small-molecule transmitter release. Here, we focus on the flexibility afforded to microcircuits by such co-transmission, using examples from various nervous systems. Insights from such studies indicate that co-transmission mediated even by a single neuron can configure microcircuit activity via an array of contributing mechanisms, operating on multiple timescales, to enhance both behavioural flexibility and robustness. NATURE REVIEWS | NEUROSCIENCE VOLUME 18 | JULY 2017 | 389 REVIEWS © 2 0 1 7 M a c m i l l a n P u b l i s h e r s L i m i t e d , p a r t o f S p r i n g e r N a t u r e . A l l r i g h t s r e s e r v e d .
Neural circuit flexibility Today, much attention is focused on understanding the circuit mechanisms that underlie complex behaviours in animals with large numbers of neurons, associated with a tendency to assume that the details of individual synaptic events are relatively insignificant. This comes at a substantial price because many aminergic and peptidergic synaptic actions provide a rich library of modulatory mechanisms that can operate on different timescales and can be crucial for setting circuit dynamics. Here, we discuss some of that richness and show how circuit reconfiguration can be achieved by interesting features of peptide co-transmitter action.
Neurons release a wide range of signalling molecules including the classical small-molecule transmitters (acetylcholine (ACh), glutamate, GABA, glycine), biogenic amines (histamine, 5-hydroxytryptamine (5-HT; also known as serotonin), dopamine, noradrenaline, octopamine), neuro peptides, a gas (nitric oxide), purines (ATP, adenosine) and lipid-derived molecules. These molecules may act ionotropically, by binding to ligand-gated ion channels to rapidly influence the conductance of postsynaptic neurons or by binding to metabotropic receptors to evoke modulatory actions, commonly through one or more G protein-coupled receptors (GPCRs). Neuropeptides, although commonly having only modulatory actions, do sometimes have ionotropic actions [1] [2] [3] . Neurons containing more than one neuro transmitter are a common occurrence in all species. A growing literature describes neurons with multiple smallmolecule transmitters [4] [5] [6] [7] [8] [9] [10] . Consequently, we focus here on co-transmission featuring small molecules colocalized with peptide transmitters, including the description of some of the additional degrees of freedom provided by neuropeptide signalling for neuronal circuit function.
Fundamentals of co-transmission
Co-transmission provides opportunities for circuit flexibility 5, 6, [11] [12] [13] [14] , as co-transmitters can act on different targets using either the same, different or all cotransmitters [15] [16] [17] (FIG. 1a,b) . The same transmitter can also act on different targets by activating different receptors. The co-transmitting neuron can also produce distinct firing rate-dependent actions (FIG. 1c) , temporally distinct effects during a single episode of an unchanging firing rate and/or state-dependent effects when the release of, or the response to, different co-transmitters is separately regulated (FIG. 1d) .
A firing rate-dependent response can also result from small-molecule transmission, when the target neuron has ionotropic and metabotropic receptors for the same small-molecule transmitter. This distinction can occur because low firing rates tend to release insufficient transmitter to activate perisynaptically located GPCRs. By contrast, the firing rate-dependent consequences of small-molecule-neuropeptide co-transmission result from the fact that, at low firing rates, smallmolecule release may occur without substantial neuropeptide release (FIG. 1c) . However, it is noteworthy that, despite the apparently commonly held belief that neuro peptide release requires prolonged high-frequency firing, neuro peptide release can occur at low firing rates Stomatogastric ganglion (STG) . A small, well-defined ganglion in the decapod crustacean (for example, crabs and lobsters) stomatogastric nervous system containing 25-30 neurons (depending on species), nearly all of which contribute to one or both microcircuits (gastric mill circuit (chewing), pyloric circuit (pumping and filtering of chewed food)) located therein.
and/or at firing rates that are within the natural activity range of the studied neuron [18] [19] [20] [21] [22] [23] [24] [25] [26] . A more accurate generalization is that neuropeptide release tends to require higher firing rates than those required for the release of small-molecule transmitters.
Additional flexibility results from the existence of neuropeptide families, post-release regulation by peptidase activity (FIG. 1e) and the ability of released neuro peptide to diffuse relatively long distances, thereby binding to membrane receptors that are not accessible to their co-released small-molecule transmitters [27] [28] [29] [30] [31] (FIG. 1e) .
Many neuropeptides are members of large 'neuropeptide families' that share an amino acid sequence, commonly including the receptor-binding domain (for reviews, see REFS 27, 29) . These family members can differ by as little as one amino acid, and these families can be large. For example, in the crab Cancer borealis, there are at least 35 A type allatostatin (AST) peptides and 40 FMRFamide-related peptides, as identified by mass spectrometric analyses 32, 33 . In some cases, multiple family members are colocalized within the same neuron [32] [33] [34] [35] [36] . One might be tempted to conclude that different peptide family members simply represent conservative mutations that are functionally degenerate. However, as one example, although peptide family members can have comparable influences on the well-defined microcircuits in the C. borealis stomatogastric ganglion (STG) [37] [38] [39] [40] (FIG. 2) , members of the same peptide family can have distinctly Input 1 influences the blue circuit neuron via both co-transmitters, and the green and pink circuit neurons via only its small-molecule co-transmitter, albeit through different mechanisms (green neuron: no peptide receptors (postsynaptic mechanism); pink neuron: no peptide released nearby (presynaptic mechanism)). c | Co-transmitters can have distinct activity thresholds for their release. For example, Input 1 influences the blue circuit neuron by releasing only its small-molecule transmitter when firing at a low, tonic frequency (left), but it influences this circuit neuron by releasing both co-transmitters when firing in a rhythmic bursting pattern (right). d | Co-transmission is state dependent. Here, the state change is presynaptic, resulting from an axo-axonic synapse (green transmitter). When the axo-axonic synapse is not active (state 1), Input 1 co-releases both transmitters, and the blue circuit neuron responds with a rhythmic bursting pattern. When the axo-axonic synapse is active (state 2), peptide release is inhibited, and the blue circuit neuron responds with a tonic firing pattern. e | The diffusion distance of a neuronally released peptide can be regulated by the location of extracellular peptidases. Here, extracellular peptidases limit receptor access of Input 1-released peptide to the blue circuit neuron but do not limit Input 2-released peptide. Consequently, the green and pink circuit neurons are unlikely to be influenced by Input 1-released peptide, whereas both would be responsive to Input 2-released peptide, in addition to the green circuit neuron responding to the co-released small-molecule transmitter from Input 2. The peptidase activity near the blue circuit neuron would limit or possibly prevent its response to Input 2-released peptide. Figure 2 | The crab Cancer borealis stomatogastric nervous system. a | A schematic of the isolated stomatogastric nervous system of the crab Cancer borealis is shown. The inset shows a whole-mount image of the desheathed stomatogastric ganglion (STG) under dark-field illumination (anterior, top; posterior, bottom). As it is evident in both the schematic and the inset, the 26 neuronal somata form a single layer surrounding the neuropil. Circles on nerves indicate recording sites for traces shown in part c. b | A schematic of the gastric mill and pyloric circuit is shown. The arrangement of neurons in the schematic represents the relative timing of activity for each neuron during the gastric mill and pyloric rhythms. Specifically, the neurons that exhibit pyloric rhythm-timed activity ('pyloric neurons' and 'gastropyloric neurons') are displayed such that the toprow neurons are co-active, followed by the middle-row neurons and then the bottom-row neurons, after which the top-row neurons are again active. The neurons that exhibit gastric mill rhythm-timed activity ('gastric mill neurons' and 'gastropyloric neurons') are displayed such that the toprow neurons are co-active and burst in alternation with the bottom-row neurons. As shown, there are eight gastric mill circuit neuron types, one of which is present as four apparently equivalent copies (GM neurons). All eight neuron types contribute to gastric mill pattern generation, whereas only two (LG and Int1) are also rhythm generator neurons 119, 134, 157 . There are seven pyloric circuit neuron types, including the rhythm generator ('pacemaker') group AB/PD/LPG
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. Three of these neuron types are present as multiple, apparently equivalent copies (PD: 2; LPG: 2; PY: 5). c | Simultaneous extracellular nerve recordings of the gastric mill and pyloric rhythms during tonic stimulation of the modulatory projection neuron modulatory commissural neuron 1 (MCN1) are shown. The pyloric rhythm exhibits a rhythmically repeating triphasic pattern (for example, lateral ventricular nerve (lvn): PD, LP, PY) that is continuously active, in vivo and in vitro, with a cycle period of ~1 s. The gastric mill rhythm (cycle period ~10-20 s) is silent except when driven by modulatory neurons (for example, MCN1), which themselves require activation in vivo and in vitro. It is a rhythmically repeating biphasic pattern, consisting of teeth protraction (Pro.) and teeth retraction (Ret.), which drives the motor response (chewing). Note that some neurons exhibit activity patterns time-locked to both rhythms (gastropyloric neurons). CoG, commissural ganglion; dgn, dorsal gastric nerve; ion, inferior oesophageal nerve; lgn, lateral gastric nerve; mgn, medial gastric nerve; mvn, medial ventricular nerve; pdn, pyloric dilator nerve; son, superior oesophageal nerve; stn, stomatogastric nerve. Part b is adapted with permission from REF. 158 different potencies [41] [42] [43] . Interestingly, although neuropeptide family members commonly share GPCRs, in some cases, distinct intracellular signalling systems are activated when different family members bind to the same GPCR 44, 45 . Different peptide family members can also bind to distinct receptors 46 , and unrelated peptides in the same species can bind to the same receptor with comparable affinity [47] [48] [49] [50] . Neuropeptides are inactivated by extracellular peptidase activity, and this provides additional mechanisms for flexible neuromodulation 51, 52 . Whereas the actions of most small-molecule transmitters are brief and limited by membrane-bound transporters or degradative enzymes located close to the release site, the peptidases regulating released peptides are not necessarily comparably constrained. Consequently, released peptides can diffuse longer distances and bind to receptors on neurons not directly influenced by a co-released smallmolecule transmitter 28, 30 (FIG. 1e) . In some cases, extracellular peptidase activity does not inactivate the peptide but activates and enhances peptide actions or alters its biological activity by generating cleavage products that either bind to different receptors or act as peptidase inhibitors to enhance the actions of other peptides 16, 53 . Many neurons contain more than one small-molecule transmitter and more than one neuropeptide. In such cases, the consequences of co-transmission for each target neuron, and thus for the associated circuit, are likely to be considerably more complex.
Co-transmission at identified synapses Small-molecule-neuropeptide co-transmission has been studied in detail at different synapses. Both convergent (that is, co-transmitters influencing the same target) and divergent (that is, co-transmitters influencing different targets) actions occur, including both actions onto different targets of the same co-transmitting neuron 11, 17 (FIG. 1b,e) .
Such co-transmission has received extensive attention in nematode worms (Caenorhabditis elegans), fruitflies (Drosophila melanogaster), sea hares (Aplysia californica), mice (Mus musculus) and rats (Rattus norvegicus). Despite the opportunities for flexibility afforded by cotransmission, as described below, there is a conservation of mechanisms across these animal models.
Co-transmission in C. elegans. Co-transmission studies in C. elegans have focused largely on their impact on behaviour, based on manipulations that selectively reduce or eliminate, or strengthen, the impact of the co-transmitters. These studies have highlighted divergent co-transmitter actions of identified sensory neurons 54, 55 . For example, the olfactory sensory neuron AWC uses glutamate and the buccalin-related peptide NLP1 to influence different postsynaptic target neurons and regulate food searching-related behaviours 54 . Specifically, glutamate is used to promote food-searching behaviours, whereas NLP1 release initiates a negative feedback loop that limits the duration of these behaviours. Interestingly, the AWC neuron is also conscripted into a high-salt (NaCl) sensing circuit by the salt-sensory neuron ASEL, another small-molecule-neuropeptide co-transmitting neuron with divergent co-transmitter actions 56 . In low-salt environments, ASEL seems to act only via its small-molecule transmitter to activate a lowsalt sensing circuit, whereas, in high-salt environments, ASEL also releases insulin-like peptides and recruits AWC into the high-salt sensing circuit. ASEL also contains additional neuropeptides that are likely to have separate postsynaptic targets 56 . Several additional wrinkles resulting from smallmolecule-neuropeptide co-transmission are revealed by studies of aversive behaviours in C. elegans 55, 57, 58 . One pivotal insight is that different subsets of co-transmitters are released from a single neuron in response to different inputs, enabling the selective generation or regulation of different aversive behaviours. Selective regulation of peptide co-transmitter release also occurs in other systems (see below and REFS 59,60).
Co-transmission in Drosophila.
Small-moleculeneuropeptide or multiple neuropeptide co-transmission in Drosophila is implicated in microcircuits underlying aspects of olfaction [61] [62] [63] [64] , stress-related responses 65, 66 and circadian rhythms 67 . Interestingly, the neuropeptide co-transmitter for many of these studies is sNPF 62, 63, 66, 68 , reinforcing the notion that neuropeptides, like other transmitters, have many unrelated roles in microcircuit operations. In fact, selective knockdown (RNA interference) of sNPF in one set of Drosophila brain neurons decreased survival under starvation conditions, whereas it increased survival duration when the knockdown occurred in a distinct set of brain neurons 65, 66 . This sampling of co-transmission studies from Drosophila includes examples of apparent postsynaptic convergence 66 , presynaptic convergence 61 , neuropeptide autoreceptor-mediated increase in small-molecule co-transmitter release 67 and divergence across a single synapse (sNPF acting presynaptically; small-molecule transmitter acting postsynaptically) 63 .
Co-transmission in Aplysia. Studies in Aplysia have elucidated functional consequences of convergent and divergent co-transmission, including some pivotal roles for peptidase regulation of peptide co-transmitters. For example, a population of neuroendocrine neurons ('bag cells') release several neuropeptides that have convergent and divergent influences on neurons associated with various egg laying-related behaviours 16, 17 . The duration of action of these peptides differs, owing to their differential regulation by extracellular peptidases 16 . A separate, carboxypeptidase-mediated cleavage that alters α-BCP (1-9) to α-BCP (1-8) increases the potency of this peptide 16, 69 . Convergent co-transmission is also established from a cholinergic projection neuron (CBI-2, peptide co-transmitters FCAP and CP2), which drives the Aplysia feeding microcircuit, and from two feedingrelated cholinergic motor neurons (B-15, peptide co-transmitters BUC and SCP; B-16, peptides BUC and MYO). CBI-2 activates the feeding motor programme in part via its convergent presynaptic facilitation of its cholinergic synaptic actions (FCAP and CP2 act on autoreceptors on CBI-2) and alters the electrophysiological properties of a feeding-related motor neuron [70] [71] [72] . In motor neurons B-15 and B-16, the co-released peptides elicit functionally antagonistic actions [21] [22] [23] , as one peptide co-transmitter increases muscle contraction amplitude, and the other increases its relaxation rate. Despite being apparently antagonistic, these are complementary actions that facilitate rhythmic feeding movements by enabling each muscle to maintain its rhythmic contraction pattern. If only contraction amplitude increased, the muscle would not fully relax between contractions, resulting instead in a sustained contraction. If only relaxation rate increased, then contraction amplitude would be compromised, and feeding would be unsuccessful. For these three feeding-related co-transmitter neurons, their peptidergic actions routinely occurred within their behaviourally relevant firing rate.
Co-transmission in rodents.
Studies in the rodent thalamus, hypothalamus and brainstem have provided numerous insights regarding the presence and flexibility afforded by co-transmission, particularly regarding the consequences of convergent and divergent cotransmitter actions, and the role of co-transmission in bidirectional communication across individual synapses [73] [74] [75] [76] [77] [78] . For example, in the thalamus, reticular thalamic (RT) neurons use neuropeptide Y (NPY) and GABA as divergent inhibitory co-transmitters, acting via NPY modulation onto their RT neuron targets while eliciting only GABA type A receptor (GABA A R) and GABA B R responses in their thalamocortical relay cell targets 73 . By contrast, convergent co-transmission by 5-HT and substance P underlies excitatory modulation by nucleus raphé obscurus neurons of respiratory interneurons and motor neurons 74 .
In the hypothalamus, the magnocellular neurosecretory neurons of the paraventricular and supraoptic nuclei, which contain oxytocin (OXT) or vasopressin (VP), release their peptide content from axon terminals in the posterior pituitary and also display somatodendritic transmitter release 25, 79 . An early study established that somatodendritically released OXT and VP inhibit their glutamatergic excitatory input by binding to OXT receptors, putatively on the presynaptic membrane 50 . Subsequently, OXT neurons were shown to also have a concentration-dependent, retrograde influence on their GABAergic input. At concentrations lower than 100 nM, OXT facilitates presynaptic GABA release 80, 81 . By contrast, at higher concentrations, OXT binds to autoreceptors, eliciting retrograde endocannabinoid (eCB) co-transmitter release, which inhibits presynaptic GABAergic transmission 81 . Interestingly, application of the peptide α-MSH selectively elicits somatodendritic OXT release by an action potential-independent mechanism, while simultaneously inhibiting OXT release from the axon terminals by suppressing action potential generation 82, 83 . VP neurons use the opioid peptide dynorphin (DYN) as a co-transmitter 79 . VP and DYN colocalize to the same large dense-core vesicles, despite the fact that VP is commonly excitatory and DYN is inhibitory 84 .
VP and DYN receptors are also present on these vesicles, so the vesicle fusion that produces peptide release also introduces their receptors onto the plasma membrane 85, 86 . This provides a novel level of flexibility to neuronal signalling that remains under-studied. Similar to OXT actions on autoreceptors 81 , somatodendritically released VP binding to autoreceptors triggers release of eCB, a third co-transmitter, which acts presynaptically to inhibit GABA release. VP also inhibits presynaptic GABA release via an eCB-independent pathway 87 . There are also retrograde VP, DYN and eCB actions on their glutamatergic inputs. Somatodendritic DYN release produces long-term depression (LTD) of presynaptic glutamate release, reducing excitatory drive to the VP-DYN-eCB neurons 88 . A dynamic interplay exists between the retrograde actions of DYN and VP-triggered eCBs on the glutamatergic inputs 60 . Depending on the relative intensity of presynaptic and postsynaptic activity, eCB or DYN retrograde release dominates. When the eCB action dominates, it acutely inhibits presynaptic glutamate release, limiting glutamate access to postsynaptic metabotropic glutamate receptors (mGluRs), the activation of which is necessary for enhanced VP and DYN release and subsequent LTD generation 60 . Consequently, eCB release indirectly inhibits release of its co-transmitters VP and DYN.
Complexity in signalling due to temporal aspects of co-transmission is illustrated in orexinergic (also known as hypocretinergic) neurons in the lateral hypothalamus, which also use DYN and glutamate as co-transmitters 89, 90 . Similar to the VP-DYN neurons, orexin and DYN colocalize to the same large densecore vesicles despite orexin being excitatory and DYN inhibitory 91, 92 . Their co-release leads to convergent and divergent actions, with some divergent actions being complementary on their respective targets, despite the opposing actions of the two peptides 13, [89] [90] [91] [92] [93] . The distinct time course of ionotropic and metabotropic cotransmission is displayed to the extreme in the influence of orexinergic-glutamatergic neurons on their histamine neuron targets in the tuberomammillary nucleus 93 . Specifically, the convergent glutamate (ionotropic) and orexin (metabotropic) actions on these histamine neurons are excitatory but temporally non-overlapping, and the selective suppression of the action of either cotransmitter does not alter the histamine neuron response to the still effective co-transmitter.
Co-transmission during development. Smallmolecule-neuropeptide co-transmission provides functional flexibility during nervous system development, as different co-transmitters and/or their receptor (or receptors) appear at different developmental stages [94] [95] [96] [97] . Co-transmitters and/or receptors expressed by a neuron can change as development progresses. Another interesting twist is that co-transmitter regulation can be sensitive to environmental conditions and physiological state, even in adults 98, 99 . A state-dependent switch in co-transmitter expression, whether during development or in response to physiological state, can have dramatic consequences for circuits and behaviour.
This section on co-transmission at identified synapses has elucidated many degrees of freedom, including insights into the logic of co-transmitters having opposite modes of action (excitation and inhibition), made available by small-molecule-neuropeptide co-transmission and their impact on circuits and behaviour. There are conserved mechanisms across behaviours in a single species, as well as across animal models (for example, convergent and divergent co-transmitter actions; and intrinsically or extrinsically regulated release of different co-transmitters). In the next section, we synthesize the results of numerous studies to understand the roles of co-transmission within the context of a set of small, well-defined microcircuits that underlie aspects of feeding behaviour in decapod crustaceans (FIG. 2) .
Co-transmission: stomatogastric system Applied versus released neuropeptide. Direct application of a neuropeptide is commonly used to evaluate its influence on neurons and networks, particularly because it is often challenging to directly manipulate neuronally released neuropeptides. Direct peptide application is a reasonable first approach, as neuronally released peptides commonly have relatively long-lasting, paracrinelike actions resulting from diffusion throughout a region of neuropil 28, 30, 52 . However, there are features of peptidergic neurons that limit the likelihood that an applied neuro peptide mimics the actions resulting from its neuronal release, sometimes leading to inaccurate interpretation of the results from exogenous peptide application. These features include the presence of co-transmitters, the possibility that released neuro peptides do not have access to all available receptors or have access to receptors on different membranes at different concentrations, and the fact that neuropeptide release can be regulated. The microcircuits in the crab C. borealis STG and the modulatory projection neurons that influence them (FIG. 2) represent one of the few sufficiently welldefined systems enabling a detailed determination of the extent to which the microcircuit response to neuronally released peptides is effectively mimicked by bath application of the same peptide.
The crab STG neuropil contains the neuro peptide proctolin exclusively within the axon terminals of three pairs of projection neurons, all of which influence the feeding-related gastric mill (chewing) and pyloric (pumping and filtering of chewed food) microcircuits 33,100,101 (FIGS 2,3). These three proctolin-containing projection neurons include the modulatory proctolin neuron (MPN), modulatory commissural neuron 1 (MCN1) and MCN7, all of which occur as pairs of apparently identical neurons [102] [103] [104] [105] . Selectively stimulating each proctolinergic neuron elicits different outputs from the gastric mill and/or pyloric microcircuits 105 (FIG. 3a) . The distinct actions of these proctolinergic neurons do not seem to result from their axon terminals being restricted to different regions of the STG neuropil. In C. borealis, this neuropil is relatively compact (~200 μm wide, ~400 μm long, and ~65 μm in the z axis 106 ), and there is no evident compartmentalization within it either for proctolin immunolabelling or the branching structure of MCN1 (REFS 106,107) . The co-transmitter complement is, at least partly, identified for MPN (proctolin and GABA) and MCN1 (proctolin, C. borealis tachykinin-related peptide Ia (CabTRP Ia) and GABA) 102, 105, 108 . MCN7 is immunonegative for CabTRP Ia and GABA 105 . Bath application of proctolin to the isolated STG reproducibly elicits a dose-dependent (threshold: ~10 −9 M) excitation of the pyloric rhythm but does not activate the gastric mill rhythm 100, 103, 109 . This pyloric rhythm response is distinct from that elicited by application of other neuropeptides, amines or muscarinic agonists present in the STG 110, 111 . Despite the fact that all three proctolin projection neurons influence the pyloric rhythm, selective stimulation of only one of them (MPN) modulates the pyloric rhythm comparably to bath-applied proctolin 102, 103, 105 (FIG. 3a) .
Given the presence of a co-transmitter in MPN, it was surprising that MPN stimulation and proctolin application elicited comparable pyloric rhythms. This distinction and the different actions of MCN1 and MCN7 highlight the point that, whereas direct neuropeptide application is a valuable tool for determining individual neuronal responses or modelling the circuit response to a circulating peptide hormone, one cannot always predict the microcircuit response to a co-transmitting peptidergic neuron on the basis of the circuit response to direct application of the associated peptide.
Complementary co-transmitter actions. As discussed above, co-released neuropeptides can produce diverse responses in target neurons and circuits. In the lobster Homarus americanus, co-released peptides have divergent but complementary actions that enable complete microcircuit activation. In this case, a pair of projection neurons innervating the lobster STG is immunoreactive (IR) for the neuropeptides red pigment-concentrating hormone (RPCH) and CabTRP Ia
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. This represents one of two pair of RPCH-IR projection neurons innervating the H. americanus STG and is the sole source of CabTRP Ia in this STG. This dual peptide projection neuron is yet to be identified physiologically, but studies in the isolated lobster STG using separately applied and co-applied RPCH and CabTRP Ia show that they have complementary excitatory actions on different pyloric circuit neurons 113 (FIG. 4) . With descending inputs removed, the normally triphasic pyloric rhythm is monophasic (only the pacemaker neurons are active). Surprisingly, separate RPCH and CabTRP Ia application each activated one of the two inactive motor neuron types and excited the pacemaker neurons, whereas their co-application revived the complete triphasic rhythm 113 (FIG. 4) . It is not yet clear why this system is designed with one neuron using separate signalling molecules to promote activity in different circuit neurons, but one reasonable explanation involves expanding the flexibility of the actions of this peptidergic neuron by enabling separate regulation of each co-transmitter, either before or after release 55, [57] [58] [59] [60] . Convergent co-transmission: microcircuits. One well-established example of neuropeptide co-transmitter convergence in a microcircuit context is the influence of the projection neuron MCN1 on the pyloric circuit in the crab C. borealis STG (FIGS 2,3) . This is not only convergent co-transmitter action onto the same circuit neurons but also a convergent activation of the same ionic current. MCN1 activity excites six of the seven types of pyloric circuit neurons, as well as five of the eight types of gastric mill circuit neurons, via both peptide cotransmitters 114-117 (FIG. 3b) . This convergent action alters the pattern of the pyloric rhythm and increases its cycle frequency, relative to times when MCN1 is silent 118 . This same convergent modulation onto pyloric circuit neurons also regulates the speed of the gastric mill rhythm, owing to inter-circuit interactions [118] [119] [120] (FIGS 2b,5a) .
The MCN1-released proctolin and CabTRP Ia actions are additive. Each peptide depolarizes and increases the firing rate of its STG targets, but not to the level that occurs when both peptides are influencing these neurons 117 . The similarity of their action results from these two peptides, along with several others, converging to activate the same voltage-dependent ionic current, the modulator-activated inward current (I MI ), in pyloric circuit neurons 116, 121, 122 .
Given their convergent activation of I MI , one might wonder why MCN1 co-releases proctolin and CabTRP Ia. One possible explanation is that this corelease helps to separate the actions of MPN and MCN1, as neither proctolin application nor MPN stimulation activates the gastric mill rhythm, which MCN1 elicits primarily through CabTRP Ia release (see below). Another possibility, suggested by their additive actions, is that neither proctolin nor CabTRP Ia released alone from MCN1 can activate sufficient I MI to fully drive the pyloric rhythm. The ability of a neuropeptide to activate only a limited amount of the available I MI in some pyloric neurons is established for the peptide hormone crustacean cardioactive peptide (CCAP) 123 . Another interesting possibility is suggested by a recently identified component of scorpion venom that has high specificity for, and strong inhibitory activity on, neprilysin, a neutral endopeptidase, in humans and arthropods 53 . Neprilysin cleaves and inactivates tachykinins 124, 125 , and neprilysin inhibitors strengthen and prolong the actions of applied and MCN1-released CabTRP Ia 114, 117, 126 . The identified neprilysin inhibitor in the scorpion venom is the short LG and DG neurons), pyloric rhythm (PD neuron) or both rhythms (IC and VD neurons). In the isolated crab STG, bath-applied proctolin (far left set of responses) selectively excites the pyloric rhythm 100, 102 . This action mimics the response to activation of only one (modulatory proctolin neuron (MPN)) of the three proctolinergic projection neurons that innervate the STG (MPN, modulatory commissural neuron 1 (MCN1) and MCN7), even though MPN also contains a small-molecule co-transmitter (GABA) 102, 105 . As indicated, MPN also inhibits two projection neurons (MCN1 and commissural projection neuron 2 (CPN2)) by releasing GABA from a separate axon projecting to a separate location (commissural ganglion (CoG)) 130, 140 . The other two proctolinergic projection neurons (MCN1 and MCN7) also influence STG microcircuit activity but elicit activity patterns from the circuit neurons that are distinct from proctolin bath application 104, 105 . MCN1-released C. borealis tachykinin-related peptide Ia (CabTRP Ia) and GABA are pivotal for MCN1 activation of the gastric mill rhythm, whereas its release of CabTRP Ia and proctolin dominates its excitation of the pyloric rhythm (see part b). The MCN7 actions on these rhythms result partly from proctolin and probably also from one or more yet-tobe-identified co-transmitters (indicated by '?'). In the figure, pyloric rhythm activity is shown in red; gastric mill rhythm activity is shown in blue; gastropyloric activity is shown in purple. b | In the crab STG, MCN1 innervates all pyloric, gastropyloric and gastric mill neurons. The figure shows a representation of responsiveness of each STG circuit neuron to the MCN1-released co-transmitters proctolin (light green), CabTRP Ia (dark green) and GABA (dark grey) 116, 117 . Examples of convergent peptide co-transmitter action (proctolin and CabTRP Ia), selective peptide co-transmitter action (CabTRP Ia) and selective GABA action are shown. In some cases, the STG neuron only responds to the indicated co-transmitter (or co-transmitters) (for example, Int1). In other cases, the STG neuron does respond to an additional co-transmitter but not when it is released from MCN1 (for example, LG responds to applied GABA but not GABA released from MCN1). No information is available regarding whether these co-transmitters are colocalized to all MCN1 terminals or are localized to separate terminals for their release. Part a is adapted with permission from REF. 11 , Elsevier.
peptide YLPT, designated as [des-Arg 1 ]-proctolin 53 . YLPT is also the first proctolin cleavage product produced by extracellular aminopeptidase activity in the STG 127 . Consequently, MCN1 co-release of proctolin and CabTRP Ia may enable proctolin cleavage to enhance and prolong CabTRP Ia actions, by limiting or delaying CabTRP Ia degradation. If so, then MCN1-released proctolin, which, unlike CabTRP Ia, has no direct role in gastric mill rhythm generation (see below), may indirectly enable or tune rhythm generation.
Divergent co-transmission: microcircuits.
Elucidating the influence of co-transmission on microcircuits is challenging because of the added complexity that results from different target neurons responding to disparate sets of co-released transmitters (FIGS 1,3b) . The circuit neurons unresponsive to one or more co-transmitters often have receptors for those signalling molecules, so, presumably, they can respond to those transmitters when released from a different neuron or as circulating hormones. This situation precludes a first-order determination of the circuit response by directly applying the co-transmitters to the system. There are several examples of divergent co-transmission influence among the identified neurons modulating the feeding-related microcircuits in the decapod crustacean STG 59, 102, 103, 117, [128] [129] [130] [131] [132] (FIG. 2) .
Divergent co-transmission underlies the ability of tonic MCN1 firing to drive gastric mill rhythm generation in the crab STG (FIGS 3b, 5) . Specifically, divergent MCN1 co-transmission influences the gastric mill rhythm generator neurons LG and Int1, whereas peptide convergence occurs on most of the remaining gastric mill neurons 114, 117 . MCN1 influences the LG neuron only by metabotropic CabTRP Ia excitation (plus an electrical synapse) and the Int1 neuron only by ionotropic GABAergic excitatory postsynaptic potentials (EPSPs) (FIG. 5c,d ). Neither neuron responds to proctolin, although LG does respond to GABA application 108, 117, 122 . Insofar as GABA is best known as an inhibitory neurotransmitter, it is noteworthy that GABA has excitatory, as well as inhibitory, actions in the STG 108, 117 , as is also true in other systems 133 .
As it is likely to be true for most circuits, knowledge of the synaptic and intrinsic properties of the gastric mill circuit, including the details of the co-transmitters released from the modulatory neurons, is not sufficient to explain how MCN1 activity drives gastric mill rhythm generation. It is equally important to understand the dynamics of these events. For instance, rhythmic presynaptic inhibition of MCN1 by the LG neuron limits MCN1 co-transmitter release to the gastric mill retraction phase (LG silent; Int1 active) 134 (FIG. 5c,d ). This information is available from intra-axonal recordings of MCN1 near the STG 107, 127 . Limited access to events occurring at distant axon terminals in most projection neurons, and the resulting reliance on intra-somatic recordings, has maintained the long-held belief that, because tonic firing by modulatory neurons can drive rhythmic neural activity patterns, such neurons provide no timing cues to the affected circuit. Although this is likely to be accurate in some instances, it is not the only possible outcome. It also illustrates another limitation of bath application studies, in which the dynamics of co-transmitter actions are not present.
The LG-mediated presynaptic inhibition of MCN1 results in LG and Int1 being co-excited by MCN1 during the gastric mill rhythm, despite their exhibiting an alternating bursting pattern at such times 134 (FIG. 5b) . Nature Reviews | Neuroscience LG and Int1. These three neurons are necessary and sufficient to generate the gastric mill rhythm. The pyloric pacemaker interneuron AB regulates the gastric mill rhythm generator via its inhibitory synapse onto Int1. However, AB is not necessary for rhythm generation; the rhythm slows but continues when AB activity is eliminated 119, 134 . The motor neurons shown in grey are not necessary for rhythm generation 159 , but some contribute to pattern generation via their intra-circuit synapses, and all contribute to movement via their synapses onto specific gastric mill muscles. The top row shows gastric mill protractor neurons (that is, motor neurons where their activation causes the teeth to move towards each other); the bottom row shows retractor neurons (that is, motor neurons, the activation of which causes the teeth to move away from one another and that are co-active with Int1 neuron); AB and PD are pyloric pacemaker neurons. All neurons are motor neurons except Int1 and AB, which are interneurons that project to the commissural ganglion (CoG). MCN1 excitation of Int1 is ionotropic; all other MCN1 co-transmitter actions are metabotropic. b | Tonic MCN1 stimulation drives the gastric mill rhythm (LG and Int1) and speeds up the pyloric rhythm (AB) 118 . MCN1 activation of the rhythm generator neurons LG and Int1 establishes the rhythmic alternating bursting pattern (LG bursting during the teeth protraction (Pro.) phase; Int1 bursting during the teeth retraction (Ret.) phase) that is then imposed on all gastric mill neurons. c | The gastric mill rhythm generator circuit during Ret. and Pro. phases of the MCN1-gastric mill rhythm 118,127 is shown. During Ret. (left), MCN1 activity causes co-transmitter release, which drives Int1 activity, via ionotropic (i) excitation and provides a slow build-up of metabotropic (m) excitation that eventually enables LG to escape from Int1 inhibition and fire a burst of action potentials. The onset of a LG burst triggers the switch to the Pro. phase (right), during which LG is active and inhibits Int1. During Pro., LG activity also provides ionotropic inhibition to the stomatogastric ganglion (STG) terminals of MCN1 that prevents further co-transmitter release from MCN1 but enables MCN1 activity to sustain LG activity via an electrical synapse until the slowly decaying metabotropic excitation in LG falls below a critical level (see part d). In the figure, active neurons and synapses are shown in blue; silent neurons and synapses are shown in grey; the slanted double hashmarks indicate the abbreviated MCN1 axon. d | This part shows the output of a computational model showing the MCN1 Cancer borealis tachykinin-related peptide Ia (CabTRP Ia)-activated conductance G MI-MCN1 in the LG neuron waxing and waning during the gastric mill Ret. and Pro. phases, respectively (lower V LG trace) 138 . G MI-MCN1 increases during Ret. owing to continual CabTRP Ia release from MCN1, whereas it decays during Pro. owing to LG inhibition of the MCN1 terminals in the STG (see part c). The peak conductance occurs at the LG burst onset threshold, whereas the steep drop in conductance at the end of the LG burst occurs at the LG burst offset threshold. Part a is adapted with permission of Society for LG: 15 mV Int1: 18 mV AB: 10 mV Pro.
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This co-excitation works to enable sequential bursting by these neurons because the ionotropic excitation of Int1 is fast, and the metabotropic excitation of LG is slow to build up (and its impact is slowed further by Int1 inhibition of LG) and slow to decay (FIG. 5c,d ).
The MCN1-driven gastric mill activity pattern is also sculpted by extracellular peptidase activity, insofar as the LG burst duration is prolonged considerably in the presence of a neprilysin inhibitor that prevents CabTRP Ia degradation 114 . These MCN1-related events continue to influence gastric mill rhythm generation in the more intact system, when the chewing microcircuit is triggered by a mechanosensory pathway both in vitro and in vivo 135, 136 . Under these latter conditions, the chewing pattern is driven by only two projection neurons, MCN1 and commissural projection neuron 2 (CPN2) (REF. 137 ). Making functional sense of this rich tapestry of data, even in such a numerically small circuit, is challenging and has been facilitated by computational modelling studies 120, 138, 139 . Divergent co-transmitter actions can also enable separate, parallel regulation of different microcircuits. The projection neuron MPN drives a pyloric rhythm in the STG that is mimicked by exogenously applied proctolin, its peptide transmitter, despite the presence of GABA as a co-transmitter 103, 105, 122 . However, in the commissural ganglion, MPN uses exclusively GABAergic transmission to inhibit the projection neurons MCN1 and CPN2, thereby suppressing gastric mill rhythm generation 130, 140 (FIG. 3a) . MCN1 and CPN2 are both proctolin responsive, but not as a result of MPN stimulation 130 . There is a similar, functionally and spatially separate action of histamine and its peptide co-transmitter in the inferior ventricular neuron (IVN)/pyloric suppressor (PS) projection neuron in the crab (IVN) and lobster (PS) stomatogastric system (see below) 131, 132 .
Separate regulation of co-transmitters. Co-transmission also allows different co-transmitters to be regulated separately 58, 60 . Such regulation provides added flexibility (and uncertainty, for the experimentalist) to the microcircuit response to a co-transmitting neuronal input. Examples of this selective regulation include the impact of hormonal modulation and proprioceptor feedback to the MCN1-driven gastric mill rhythm 59, 138, 141, 142 (FIG. 6) . (FIG. 6Aa) , bath application of the peptide hormone CCAP to the C. borealis STG modifies the MCN1-driven gastric mill rhythm by selectively prolonging the protractor phase, although it does also influence the retractor phase by preventing a change in its duration 24, 138 (FIG. 6Aa,Ba) . These events result from continuous CCAP activation of I MI in the LG neuron, which reduces the LG neuron reliance on periodic I MI activation by MCN1-released CabTRP Ia 138 (FIG. 6Bb,c) .
Compared with controls
The proprioceptive gastropyloric receptor neurons (GPRs) provide an example of peptide co-transmission being selectively inhibited. The GPRs fire action potentials in response to stretch of gastric mill protractor muscles during the retraction phase 143, 144 , during which MCN1 co-transmitter release occurs (FIG. 5c) . The GPRs are multi-transmitter sensory neurons containing ACh, 5-HT and AST 38, 41, 143, 145, 146 (FIG. 6Ab) . The GPR actions on the pyloric and gastric mill neurons include examples of both convergent (ionotropic ACh; metabotropic 5-HT) and divergent (metabotropic 5-HT only) cotransmission. No roles are yet attributed to GPR-released AST, despite extensive AST immunolabelling in the STG neuropil originating from the GPRs 41 .
LG MCN1 Nature Reviews | Neuroscience LG firing and selectively prolongs the gastric mill retractor phase 59, 138, 141, 142 . Ab | The schematic circuit diagram depicts that, during the MCN1-gastric mill rhythm, GPR stimulation selectively inhibits Cancer borealis tachykinin-related peptide Ia (CabTRP Ia) release from MCN1 (represented by the smaller MCN1 terminal onto LG, as well as the placement of the GPR synapse) using only one of its co-transmitters (5-hydroxytryptamine (5-HT)) 59, 138, 141, 142 . By reducing CabTRP Ia release from MCN1, GPR slows the build-up of modulator-activated inward current (I MI ) in LG, thereby delaying the next LG burst onset 59 . The grey-coloured GPR synapses are too weak to influence the rhythm relative to the other synaptic events occurring during the MCN1-gastric mill rhythm 59, 138, 141, 142 . In the figure, the MCN1 co-transmitter separation is only for schematic presentation, as it is not known whether there is a spatial separation of the MCN1 co-transmitters to different terminals. Ba | The schematic recordings show that the prolongation of the gastric mill retractor phase caused by GPR stimulation during the MCN1-stimulated gastric mill rhythm in the presence of normal saline (part Aa) is suppressed by the peptide hormone crustacean cardioactive peptide (CCAP) 142 . CCAP also strengthens and slightly prolongs the protractor phase (LG burst) without altering retractor phase duration 24, 142 . Bb | CCAP and MCN1-released CabTRP Ia bind to separate G protein-coupled receptors (GPCRs) on the LG neuron, but nevertheless each activates I MI current in LG 59, 138, 141, 142 . GPR is silent (grey). Bc | The amount of I MI activation is not reduced when GPR is active (blue) and inhibiting CabTRP Ia release from MCN1, owing to the parallel I MI activation by CCAP 59, 138, 141, 142 . ACh, acetylcholine; AST, A type allatostatin; CoG, commissural ganglion; STG, stomatogastric ganglion. Part Ab is adapted with permission from REF. 59 
Retraction
Defines the phase of chewing when the teeth move apart; during the crab or lobster gastric mill rhythm, retraction defines the phase of neuronal activity in the sole interneuron (Int1) and the motor neurons (for example, DG neuron) that drive contraction of the 'retractor' muscles, which cause the teeth to move away from midline in the intact animal.
Protraction
Defines the phase of chewing when the teeth come together; during the crab or lobster gastric mill rhythm, protraction defines the phase of neuronal activity in the motor neurons (for example, LG neuron) that drive contraction of the 'protractor' muscles, which cause the teeth to come together at the midline in the intact animal.
In the crab STG, GPR stimulation during the MCN1-gastric mill rhythm retraction phase selectively prolongs that phase 141, 147 (FIG. 6Aa) . By contrast, stimulating GPRs during protraction does not alter either protraction or retraction duration 59 . This phase-specific action results from the GPR site of action, which is its presynaptic inhibition of the MCN1 axon terminals in the STG 141 (FIG. 6Ab) . This also explains the lack of GPR influence when stimulated during protraction, because MCN1 is already being inhibited by the LG neuron.
This GPR inhibition changes the balance of the MCN1 co-transmitter influence on the gastric mill rhythm generator, because it selectively weakens the MCN1 peptidergic influence on LG without a parallel change in the MCN1 GABAergic synapse to Int1 (REFS 59, 141) (FIG. 6Ab) . Consequently, the build-up of CabTRP Ia-activated I MI in LG during the retraction phase is slowed, prolonging this phase. This interaction also represents another example of divergent co-transmission, because this GPR synapse onto MCN1 is exclusively serotonergic 59 (FIG. 6Ab) . Interestingly, this GPR action is state dependent; it is eliminated in the presence of CCAP, as CCAPmediated activation of I MI in the LG neuron compensates for the GPR-mediated reduction in I MI activation by MCN1 in LG 142 (FIG. 6Ba-c) .
Computational modelling and subsequent physiological manipulations also argue that selectively regulating peptide co-transmission is necessary for this phase-specific GPR action 59 . The subcellular mechanism underlying the selective regulation of peptidergic transmission from MCN1 remains to be determined, but it is likely to result from reduced neuropeptide release due to a metabotropic 5-HT action on an aspect of release specific to neuropeptides. These studies highlight the fact that, to understand the impact of co-transmitting neurons on microcircuit output, it is necessary to understand both how such neurons influence each circuit neuron and the extent to which the particular state in which the circuit is being studied regulates the release of each co-transmitter.
Neurons with shared co-transmitters. Insofar as neuronally released peptides act in a paracrine-like manner, it is often expected that different neurons that arborize in the same neuropil, influence the same microcircuit and release the same peptide transmitter have comparable actions on that microcircuit. However, this expectation was not fulfilled in the isolated crab STG with respect to the pyloric circuit response to the proctolin-containing projection neurons MCN1 (CabTRP Ia, proctolin and GABA) and MPN (proctolin and GABA) in experiments in which the CabTRP Ia actions were suppressed with a tachykinin receptor antagonist 114, 115 . In normal saline, during the MCN1-driven gastric mill rhythm, LG neuron inhibition of MCN1 results in the pyloric rhythm being slower and weaker during protraction than during retraction 105, 118 (FIGS 2c, 5) . Both of these pyloric rhythm epochs are distinct from the MPNdriven pyloric rhythm with respect to pyloric cycle frequency, pyloric neuron phase relationships and spike number per burst 105, 114 . Suppressing CabTRP Ia actions eliminates MCN1 activation of the gastric mill rhythm and thus removes the inhibitory feedback from the LG neuron onto the MCN1 axon terminals 114 . Under this condition, like MPN, tonic MCN1 activity drives steady excitation of the pyloric rhythm and the MCN1-driven and MPNdriven pyloric rhythms become more similar, but still not equivalent 114 . The persisting differences could result from differences in proctolinergic transmission, perhaps owing to differential regulation by the extra cellular aminopeptidase activity that cleaves and inactivates proctolin in the crab STG 127 . This might differentially limit proctolin access to its receptors when released by MCN1 or MPN, resulting in different proctolin concentrations. There is a concentration-dependent action of proctolin on the pyloric rhythm 100 . This possibility is supported by the finding that the MCN1-driven and MPNdriven pyloric rhythms do become more similar when using aminopeptidase inhibitors to prevent proctolin inactivation and suppressing CabTRP Ia actions 115 . The remaining differences might result from yet unexplored aspects of GABAergic signalling by MCN1 or perhaps from another not yet identified cotransmitter present in one or both projection neurons. Alternatively, the remaining differences might result from release of different amounts of proctolin per action potential, as occurs for a different neuropeptide shared by two different neurons in Aplysia
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. This latter possibility is supported by the fact that, with aminopeptidase activity suppressed, the proctolinergic actions of MCN1 on the pyloric rhythm were not only prolonged but outlasted the period of its stimulation ~4-fold longer than occurred after MPN stimulation, despite using the same stimulation frequency and duration for both neurons 115 . By contrast, under control conditions, their excitation of the pyloric rhythm outlasted the stimulation period for similar durations. These distinctions between the procto linergic actions of MCN1 and MPN on the pyloric microcircuit bring into sharp focus the fact that bath application of neuropeptides is not ideal for elucidating peptidergic modulation of microcircuit activity, even when patterns of peptide release and local regulation of that release are not in play.
Species-specific co-transmission. The stomato gastric system has also provided insight into the detailed similarities and differences that accompany the same microcircuit operation in even closely related species 110 . Recordings of the pyloric and gastric mill rhythms are readily recognizable whether the recordings come from different species of crab, lobster, crayfish or shrimp, however, the microcircuit details differ across these species 110, 148, 149 . With respect to co-transmission, two identified projection neuron pairs are well studied across species. These include MPN in C. borealis and GABA neuron 1/2 (GN1/2) in the lobster Homarus gammarus, and IVN in C. borealis and PS in H. americanus and H. gammarus 102, 103, 131, 132, 148 . In C. borealis, MPN (proctolin and GABA) stimulation directly elicits a proctolin-equivalent pyloric rhythm and indirectly suppresses gastric mill rhythm generation by GABAergic inhibition of identified projection neurons 103, 130 (FIG. 3a) . The H. gammarus GN1/2 neurons share morphology and GABA with MPN, but GN1/2 contains a CCK-like peptide and FLRFamide-like peptide and not proctolin 148, 150 . Despite not containing proctolin, GN1/2 stimulation shares with MPN stimulation the ability to activate and excite the pyloric rhythm. This GN1/2 action is likely to result from both GABAergic and peptidergic transmission, because GN1/2 stimulation elicits ionotropic EPSPs in several pyloric neurons, as well as a slow, persisting excitation that outlasts the stimulation 148 . In contrast to MPN stimulation, GN1/2 stimulation excites and activates the gastric mill rhythm. Thus, the co-transmitter similarity (neuropeptide (or neuropeptides) and GABA) does not lead to fully comparable physiological actions (shared pyloric excitation, but distinct effect on the gastric mill rhythm).
IVN neurons and PS neurons also share some characteristics, including morphology and a peptide-histamine co-transmitter phenotype 131, 132 . The neuropeptide in the PS neurons is called crustacean myosuppressin (Crust-MS), a FMRFamide-related peptide 132 . The IVNs also contain a FLRFamide-related peptide 131 . Despite their similar co-transmitter phenotype, the IVNs have a predominantly histamine action in the STG, inhibiting the pyloric and gastric mill rhythms, whereas the PS neurons act in the STG primarily via Crust-MS to slow these rhythms. In the commissural ganglia, to which these neurons also project, the IVNs and PS neurons both excite the oesophageal rhythm 131, 132 . In H. americanus, this latter action is entirely histaminergic, providing another example (like MPN) of divergent co-transmitter actions onto different microcircuits in different ganglia. The effective co-transmitter (or co-transmitters) are not known in C. borealis. In the spiny lobster Panulirus interruptus, the IVN neurons elicit in some STG neurons a multicomponent post-synaptic potential (PSP) [151] [152] [153] with a rapid EPSP (which is thought to be cholinergic 152 ), followed by a slower inhibitory postsynaptic potential (IPSP; which is thought to be histaminergic 154 ), followed then by a slow burst enhancement (which is thought to be cholinergic) 152 . Clearly, caution is appropriate when extending the results obtained in one species to those in even closely related groups.
Lessons learned. This Review of small-moleculeneuropeptide co-transmission highlights the flexibility that such co-transmission provides to synapses and circuits, including the surprising range of degrees of freedom afforded by peptidergic co-transmission (for example, co-transmitters can have opposing yet complementary actions; divergent co-transmission leads to many possible outcomes; and release of different co-transmitters can be separately regulated). It also accentuates our understanding that circuit output depends not only on the temporal dynamics of all the synaptic and intrinsic currents within the circuit but also on the temporal dynamics of the release of cotransmitters from modulatory neurons and their subsequent actions. The consequence of activating peptidergic neurons also depends on the state of the target circuit, and in turn the target circuit can alter the activity of the modulatory inputs through feedback connections.
Studies of co-transmission underscore that establishing the connectome of a circuit important for a specific behaviour is only the beginning 155, 156 . Insofar as microcircuits often, and perhaps always, receive parallel co-transmitter inputs from different pathways, understanding their collective impact on circuit output will require the collaborative efforts of experimentalists and theorists. We look forward to understanding how a nervous system accomplishes all its tasks, in part by taking advantage of the complex dynamics that arise from small molecule-peptide co-transmitters.
